Abstract: Frequency selective detection of low energy photons is a scientific challenge using natural materials. A hypothetical surface which functions like a light funnel with very low thermal mass in order to enhance photon collection and suppress background thermal noise is the ideal solution to address both low temperature and frequency selective detection limitations of present detection systems. Here, we present a cavity-coupled quasi-three dimensional plasmonic crystal which induces impedance matching to the free space giving rise to extraordinary transmission through the sub-wavelength aperture array like a "light funnel" in coupling low energy incident photons resulting in frequency selective perfect (~100%) absorption of the incident radiation and zero back reflection. The peak wavelength of absorption of the incident light is almost independent of the angle of incidence and remains within 20% of its maximum (100%) up to i θ 45 ≤ . This perfect absorption results from the incident light-driven localized edge "micro-plasma" currents on the lossy metallic surfaces. The wide-angle light funneling is validated with experimental measurements. Further, a super-lattice based electronic biasing circuit converts the absorbed narrow linewidth ( 0 / Δ < λ λ 0.075) photon energy inside the sub-wavelength thick film (< λ/100) to voltage output with high signal to noise ratio close to the theoretical limit. Such artificial plasmonic surfaces enable flexible scaling of light funneling response to any wavelength range by simple dimensional changes paving the path towards room temperature frequency selective low energy photon detection.
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Introduction
Surface plasmon is collective oscillation of electrons on metal-insulator interface excited by an electromagnetic wave; the surface plasmons can be either in the propagating (surface plasmon polariton SPP) or localized surface plasmon (LSP) mode [1, 2] . The fundamental order of LSP, the dipolar excitation, has the highest strength and its properties, i.e. resonance frequency and lifetime, are determined by the particle polarizability and lattice sum which depend on the metal/insulator dielectric functions and the geometrical parameters [3] [4] [5] [6] . This dependence gives a way to control and tailor the surface plasmon resonances to desired frequencies. Surface plasmons have the potential to be used in integrated photonic circuits [1, 7] , SERS measurements [4] , flat optics [8] , hot-electron injected sensors [1, 7] and metamaterials with properties such as near-zero [9] , negative [10] and hyperbolic [11] index of refraction. The prime difficulty in bringing these concepts to full-fledged applications is the large plasmon decay rate mainly due to the finite metal conductivity that decreases the lifetime of the excited surface plasmon and induce losses in the form of heat dissipation [12, 13] . For a long time, this loss was considered to be a major limiting factor in realization of plasmonic devices but later this very loss is used as a benefit. The narrowband perfect light absorption has been shown theoretically and experimentally through critical coupling by resonant plasmonic systems [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Devices, which use narrowband plasmonic absorbers, were demonstrated for perfect metamaterial absorbers [25] , spatial modulators [3, 26] and narrowband infrared detection [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
Here, we extend further on to the use of lossy plasmons as a mechanism of "color" sensing in infrared frequency domain by virtue of bolometric principle [33, 34] . We propose quasi 3D plasmonic crystal consisting of vertically-separated complementary nanohole and nanodisk arrays coupled to an optical cavity. The general behavior of this complex system is determined by the interaction of optical cavity modes, spoof plasmonic excitation on the perforated film [40, 41] , hybrid plasmonic excitation on the disk array and vertical/horizontal coupling of the metallic dipolar elements, as explained by details in our previous work [3] . The purpose of exploiting mid-IR plasmon is increasing the absorption in a very small volume (low thermal mass) of the device, resulted in lower noise and higher output signal [41, 42] . The geometric nature of this plasmonic crystal "funnels" the light through the subwavelength holes coupled to the disk array by exciting hybrid plasmon, which is dissipated in the form of resistive loss resulting from induced micro-currents on the edge of dipole elements (holes and disks). Surface patterning with a superlattice to sense the power dissipation with external biasing circuitry show promising results with very high spectral selectivity and response time. A 3 dB response time of 100 μs is measured, which outperforms present microbolometer's typical response time of 10-15 ms [36, 37, 43] . The frequency selective infrared absorption spectroscopy has proven to be a very important tool in the detection and identification of airborne chemicals by comparing infrared light absorption in presence and absence of airborne contaminants. The geometrical tunability and narrow bandwidth of the light absorption not only determines the contaminants, but also their concentration. At present both cooled and uncooled mid-infrared (mid-IR) detectors are being broadband "bucket" detectors generate integrated spectral response. Such broadband detectors are not accurate enough to perform narrow-band low concentration chemical detection from IR radiation [36, [44] [45] [46] [47] . There are quite a few IR detector concepts at the research level which are potential candidates for frequency selective detectors [18, 48, 49] . The proposed quasi-3D plasmonic absorber possesses inherent frequency selective detection capability paving the path towards low cost room temperature infrared "color" photon detection with high signal to noise ratio when packaged into a commercial detector architecture. The optical response of the proposed nanodevice is independent of the light polarization and angle of incidence; moreover, nanoimprinting based simple, large area and low-cost fabrication technique makes this detector realizable for the practical applications.
Quasi-3D plasmonic crystal "light funnel"
Figure. 1(a-top) schematically illustrates the proposed plasmonic crystal and the corresponding light funneling phenomenon. The quasi-3D imprinted surface is composed of a sub-wavelength perforated film and its complementary disk array with period P and diameter D, separated from the film by relief depth (RD) coupled to an optical cavity with thickness L. The composite system functions like a "light funnel" as can be observed from the 3D finitedifference time-domain (FDTD) simulation of energy flow, represented by the Poynting vector in Fig. 1(a-bottom) . The simulation results show that the plane-wave incident on the top surface collapses into the subwavelength aperture like a liquid flow through a mechanical funnel, resulting in perfect capture of the incident photons at the resonance wavelength λ res = 4.4 µm for P = 1.14 µm, D = 0.760 µm, RD = 0.28 µm and L = 0.87 µm. A close correlation is observed between the simulated (solid black) and measured (solid purple) absorption spectra shown in Fig. 1(b) . In order to understand the origin of the light funneling, transmission spectra of the constituent perforated film (dashed blue) and the coupled holedisk arrays (solid blue) are overlaid in Fig. 1(b) Moreover, the lateral coupling between the disk and hole-array is also important for the high amplitude of absorption. Increase in the distance between elements decreases the coupling between them, which in turn reduces the total absorption in the structure. Increasing the angle effectively reduces the effective pattern period and red shifts the resonance. At the same time, the effective distance between the hole and disk is increased compared to the period, which in turn blue shifts the resonance (dominant effect) and the overall coupling strength diminishes as well. This is verified in Fig. 2(a-top) (angle dependent RCWA simulation) and Fig. 2(abottom) (angular measurements) .
The bulk of the light is absorbed along the edges of hole and disc array as seen from Fig.  2(b-right) and it is important to understand the reason behind this phenomenon. The discs are part of a lattice composed of discrete elements and the Coulomb interaction with the neighboring discs force the induced charges on the discs to move to the edges but more predominantly to the corners. Counter-propagating LSP on the edges of hole and disk form a magnetic dipole and one pair of hole-disk supports two such magnetic dipoles on opposite edges [ Fig. 2(b-left) ]. The localized nature of the current density on hole-disc is responsible for the paired magnetic dipoles to incur high Ohmic losses P = J.E, where J is the current density; E is the electric field and P is the loss power density). The simulated 3D current distribution is shown in Fig. 2(b-left) which clearly verifies the origin of the photon capture and dissipation on the edges of the hole-disk as observed in Fig. 2(b-right) .
Light detection
Ideal surface plasmons with zero damping have many interesting properties like near-zero index and infinite phase velocity which are theoretically predicted [52] [53] [54] but the translation of these ideas into practical realm is limited due to the inherent losses in metals that are used to fabricate such structures. In most applications, the presence of metal is not desirable due to the loss; however, sensing applications can take advantage of the plasmon damping and plasmon-phonon coupling to sense change in the electrical conductivity. In this proposed system, the change in resistance of the plasmonic crystal due to the absorbed electromagnetic radiation is measured with the help of a DC biasing circuit. Schematic illustration of the circuit is shown in Figs. 3(a) and 3(b) . The scanning electron microscopy image of the fabricated super-lattice is shown in Fig. 3(c) . The circuit uses a simple voltage divider scheme to bias the detector [ Fig. 3(d) ]. The plasmonic film absorbs the incident radiation and produces thermal energy which in turn manifests in the form of resistance change. The continuous perforated film enables electronic probing of the induced "micro-current" plasmon loss on each nanohole via the weak bias current (I B ). The input impedance is increased from a few ohms to kilo-ohm range with the superposition of a serpentine super-lattice pattern to amplify the resistive change (ΔR≈R D αΔT, where R D is the detector resistance at room temperature, α is the thermal coefficient of resistance and ΔT is the induced temperature change due to absorbed radiation) and reduce the background heating (Joule heating [28, 33, 36, 37] ) due to the bias current.
As seen from the SEM images in Fig. 3(c) , the device consists of the gold serpentine absorber with hole-disk nanopattern supported by a polymer base (SU-8 2000.5). A gold mirror on glass substrate supports the polymer. In this manner, the polymer acts as the cavity dielectric, moreover, the polymer curing process minimizes and makes the absorption in the polymer negligible. Large area (4 mm x 4 mm) square arrays of subwavelength cylindrical depressions were molded onto the surface of a thin layer of a photo curable epoxy (SU-8 2000.5, MicroChem), by pressing the substrate against a polydimethylsiloxane (PDMS, 10:1 Sylgard 184) mold containing the inverse pattern. The thickness of the epoxy was controlled through the spin-coating process. A gold-coated microscope glass slide served as the substrate. To form the detector super-lattice serpentine pattern, after imprinting, a prolonged UV exposure (30 min) and post exposure bake (95 deg for 60 min) was conducted to make SU-8 fully cross-linked to make it resistant to acetone during subsequent liftoff process. A UV lithograp blanket depo contact pads t mm and widt conductive si with measurem The meas plasmonic inf 1200° C in Fi 4.8 µm) is ach = 1.040 µm) corresponding resistance ΔV frequency sel Fig. 4(b) Fig. 4(d bolometer is reported to possess the responsivity of R max = 70 mV/W, but it lacked the spectral tunability. Excitation of plasmon on gold nanowire sitting on SiO 2 can increase the R max to 400 mV/W, at the cost of polarization dependency and complex fabrication steps [58] . The proposed detector when fabricated in a suspended architecture can reach to higher responsivity and D*. The predicted responsivity of the suspended proposed microbolometer working at room temperature is R max ≈1 kV/W -10 kV/W, D*≈5 × 10 
Conclusion
In conclusion, the proposed plasmonic nanostructure demonstrates a new mechanism to enhance and engineer light-matter interactions. The excitation of surface plasmon on the hole/disk array due to the presence of the optical cavity enhances the photon capture to ~100%. The coupling between two complementary metallic elements can be varied flexibly to shift the resonance location and strength. Tunability can also be exploited from the cavity phase relation, which can be simply tuned with cavity thickness. Metal based plasmonic nanostructures suffer from metallic loss, but here we take advantage of such a high resistive loss for the detection of photons. Such controlled infrared absorption when implemented in conjunction with simple large area imprinting techniques leads to development of a new class of frequency selective, low cost, uncooled infrared detectors. Our initial studies presented above have shown that a frequency selective plasmonic surface can alleviate some of the limitations of present IR detectors and offer significant improvements in frequency selective detection paving the path towards IR "color" imaging by pixel/sub-pixel formation with plasmonic surfaces tuned to various IR bands. 
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